DNA polymerases synthesize new DNA strands according to the template DNA, using deoxynucleotide triphosphates during DNA replication and repair, and are essential to maintain genome integrity in DNA metabolism. In addition, these enzymes are widely used for genetic engineering techniques, including dideoxysequencing, PCR, DNA labeling, mutagenesis, and other in vitro experiments. Thermostable DNA polymerases are especially useful for PCR and cyclesequencing. We propose a powerful strategy using environmental DNA as a genetic resource to investigate the structure-function relationships of the family B DNA polymerases. The region corresponding to the active center of the DNA polymerizing reaction in the structural gene of P. furiosus DNA polymerase I (PolBI) was substituted by PCR fragments amplified from DNAs within soil samples from various locations in Japan. The chimeric pol genes were constructed within the PolBI expression plasmid. The chimeric enzymes thus produced revealed DNA polymerase activities with different properties.
INTRODUCTION
Multiple DNA polymerases have been identified in each living organism, and these enzymes are thought to share the cellular functions of processing DNA transactions and maintaining genome integrity. The DNA polymerases have been classified by amino acid sequence similarity, and seven classes, the A, B, C, D, E, X, and Y families, are now widely recognized (Braithwaite and Ito, 1993; Cann and Ishino, 1999; Lipps et al., 2003; Ohmori et al., 2001) . Among them, the replicative DNA polymerases, Pol α, Pol δ, and Pol ε, in eukaryotic cells belong to family B. Members of the Crenarchaeota, a subdomain of Archaea, have at least two family B DNA polymerases (Uemori et al., 1995; Cann et al., 1999a) . On the other hand, there is only one family B DNA polymerase and one family D DNA polymerase in the Euryarchaeota, the other subdomain of the Archaea (Cann et al., 1998; Cann and Ishino, 1999) . The roles of the DNA polymerases in living archaeal cells are still unknown. However, the archaeal family B DNA polymerases are a useful model to understand the structure-function relationships of the eukaryotic replicative DNA polymerases (reviewed in Perler et al., 1996) .
In addition to contributing to basic research on replication/repair proteins (reviewed in Loeb and Monnat Jr., 2008) , the heat-stable DNA polymerases from hyperthermophilic archaea are useful for genetic engineering technology, including PCR (Perler et al., 1996) , and several family B DNA polymerases from Euryarchaeota are now commercially available. Therefore, studies on the structures and functions of the family B DNA polymerases in Archaea have been actively pursued since the early 1990s.
The fundamental ability to synthesize a deoxyribonucleotide chain is conserved in DNA polymerases. However, the more specific properties, including processivity, synthesis accuracy, and substrate nucleotide selectivity, differ among the enzymes. The enzymes Edited by Hiroshi Iwasaki * Corresponding author. E-mail: ishino@agr.kyushu-u.ac.jp belonging to the same family have basically similar properties. In terms of DNA polymerases as a genetic engineering reagent, only the family A enzymes are used as commercial products for dideoxy-sequencing, and the family A and B enzymes are used as commercial PCR enzymes. No DNA polymerases from other families are commercially available now, because their properties are not suitable for general use in genetic engineering experiments. The main difference between the family A and family B DNA polymerases is the presence or absence of a 3'-5' exonuclease activity, which contributes to the proof-reading of DNA strand synthesis. The 3'-5' exonuclease activity is generally associated with the family B enzymes, but not with the family A enzymes, although some family A enzymes exceptionally have a weak 3'-5' exonuclease activity (Joyce and Steitz, 1994; Villbrandt et al., 2000) . Based on these differences, family A is advantageous for efficient amplification of a long DNA region, and family B is generally more suitable for the precise amplification of a shorter region by PCR (Eckert and Kunkel, 1991) .
In order to obtain DNA polymerases with superior properties for in vitro genetic engineering experiments, including sequencing and PCR, several procedures are applicable. Screening for a suitable DNA polymerase activity from known organisms, which can be cultured, is the most conventional way to discover useful enzymes. In this case, sufficient amounts of the cells must be cultured to prepare the extracts for biochemical analyses of the DNA polymerase activity. Alternatively, known DNA polymerases can be converted into artificial enzymes with different properties from those of the wild type enzymes by site-specific or random mutation techniques (reviewed in Holmberg et al., 2005) . In this study, we developed a useful strategy that combines the advantageous points of the above two procedures. The experimental procedure to create artificial DNA polymerases efficiently, using the environmental DNA containing various unidentified genome DNAs as useful genetic resources, includes 1) metagenomic DNA preparation from soil samples, 2) DNA polymerase gene fragment amplification from the metagenomic DNAs by PCR, without cultivation of the organisms, 3) construction of chimeric pol genes by the substitution of part of the existing pol gene with amplified gene fragments. This strategy is also valuable to collect experimental data about the structure-function relationships of the family B DNA polymerases, to understand the detailed molecular characteristics of the enzymes.
MATERIALS AND METHODS
DNA extraction Extraction of DNA from the environmental specimen was performed by using an UltraClean Soil DNA extraction Kit (MoBio), according to the manufacturer's instructions. The extracted DNAs were assessed by agarose gel electrophoresis and were quantified by spectrophotometrical measurement.
PCR amplification of the pol gene fragments from the metagenomic DNA A portion of the family B DNA polymerase genes was amplified directly from the environmental DNA by PCR, using a primer set with the sequences 5'-GCGCGAGAGCTCTNTAYCCNWCNATHAT-3', and 5'-GCCGTTGCATAGAGACCATCNGTRTCNCCRTARATN-AC-3', which correspond to the degenerate codons for SLYPSII (forward) and VIYGDTD (reverse), respectively (Y indicates C and T; W indicates A and T; H indicates A, C, and T; R indicates A and G; N indicates A, G, C, and T). PCR was performed in a 50 μL reaction, containing 10 ng DNA, 250 pmol of each primer, 0.2 mM dNTP, and 1 unit of Phusion DNA polymerase (New England Biolabs). After an incubation of the mixture without the enzyme for 3 min at 95°C, thirty-cycles of PCR, with a temperature profile of 30 sec at 95°C, 30 sec at 55°C, and 1 min at 72°C, were performed. The reaction mixtures were electrophoresed on a 1% agarose gel, and the amplified fragments were visualized by ethidium bromidestaining.
Analysis of the amplified gene fragments DNA fragments with a 400 bp size, generated from the environmental DNA by PCR, were excised from the agarose gel, and were ligated into the pGEM-T easy vector (Promega) after the addition of a 3'-terminal adenosine by an incubation with Taq DNA polymerase and dATP. The ligation mixtures were introduced into JM109, and 20 clones were picked independently for each amplification. Plasmid DNAs were extracted from these clones, and the nucleotide sequences of the DNA inserts were determined by the dideoxy-cycle sequencing method.
Amino acid sequence analysis The amino acid sequences deduced from the cloned DNA fragments were subjected to a Clustal W analysis on the DDBJ website, and an unrooted phylogenetic tree was constructed. The sequence similarity with those of the proteins in the databases was analyzed by a BLAST search on the NCBI website.
Construction of the expression plasmid for the chimeric DNA polymerase The expression plasmid pPF101, containing the entire region of the structural gene for P. furiosus PolBI in the pET21d vector, was used as a basis, and site-specific mutagenesis was performed by using a QuikChange TM (Stratagene) kit to introduce a SacI restriction site (GAGCTC) into the position corresponding to the 5'-cleavage site for gene substitution.
Purification of chimeric DNA polymerases E. coli BL21 Codon Plus (DE3) RIL cells (Stratagene) carrying the expression plasmid were grown in 1 L of LB medium containing 50 μg/ml ampicillin and 34 μg/ml chloramphenicol at 37°C. The cells were cultured to an A 600 of 0.5, and then expression of the pol gene was induced by further cultivation for 3 h in the presence of isopropyl-β-D-thiogalactopyranoside (IPTG) at 1 mM. Cells were harvested and disrupted by sonication in buffer A (50 mM Tris-HCl, pH 8.0, 0.5 mM DTT, 0.1 mM EDTA, 10% (v/v) glycerol, 1 mM PMSF, and 0.5 M NaCl). For the preparation of the wild type PfuPolBI, the soluble cell extract, obtained by centrifugation at 12,000 × g for 20 min, was heated at 80°C. The heat-stable fraction was obtained by centrifugation, and was treated with 0.15% (w/v) polyethyleneimine to remove the nucleic acids. The soluble proteins were precipitated by 80%-saturated ammonium sulfate. The precipitate was resuspended in buffer B (50 mM Tris-HCl, pH 8.0, 1 M (NH 4 ) 2 SO 4 , 0.5 mM DTT, 0.1 mM EDTA, and 10% (v/v) glycerol), and was subjected to chromatography on a hydrophobic column (HiTrap Phenyl HP 5 ml, GE Healthcare) developed by 1 to 0 M (NH 4 ) 2 SO 4 gradient elution. The DNA polymerase protein was eluted at 0.85 M (NH 4 ) 2 SO 4 , and the fraction was dialyzed against buffer C (50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.5 mM DTT, 0.1 mM EDTA, and 10% (v/v) glycerol), and was subjected to affinity chromatography (HiTrap Heparin HP 5 ml, GE Healthcare) with a gradient of 0.05-1 M NaCl. The proteins that eluted at 0.15-0.2 M NaCl were stored as the final sample at -25°C with 50% (v/v) glycerol. In the case of the chimeric DNA polymerases, the soluble cell extracts were heated at 70°C, instead of 80°C. In addition, an anion-exchange column (HiTrap Q HP 5 ml, GE Healthcare), developed by 0.05-1 M NaCl, and a cation exchange column (HiTrap SP HP 5 ml, GE Healthcare), developed by 0.05-1 M NaCl, were used after the hydrophobic chromatography.
Assay of DNA polymerase activity The DNA polymerizing activity was assayed by measuring the incorporation of [methyl-3 H]TTP into the acid insoluble materials in a solution, 20 μl, containing 20 mM Tris-HCl, pH 8.8, 1.2 mM MgSO 4 , 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 0.1% (w/v) Triton X-100, 0.1 mg/ml BSA, 4 μg of activated calf-thymus DNA, 0.2 mM dNTP, and 400 nM [methyl- 3 H]TTP, as described previously (Uemori et al., 1995) . One unit of activity is defined as the amount of enzyme catalyzing the incorporation of 10 nmol of TMP into DNA per 30 min at 75°C, and the specific activity was obtained as the units per one mg of protein (units/mg) for each DNA polymerase. The primer extension abilities were investigated by using M13 single-stranded DNA (ssDNA) annealed with 32 P-end-labeled DNA as described previously (Cann et al., 1999b) . M13 single-stranded DNA (0.24 μg), annealed with a primer of 30 nucleotides long was mixed with each DNA polymerase (2 units) and dNTP (0.2 mM) in a solution, 20 μl, containing 20 mM Tris-HCl, pH 8.8, 1.2 mM MgSO 4 , 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 0.1% (w/v) Triton X-100, 0.1 mg/ml BSA, and incubated 75°C for 10 min. The reaction mixtures were analyzed by alkaline agarose gel electrophoresis followed by autoradiography.
DNA binding assay
The gel-retardation assay was performed as described previously (Komori and Ishino, 2000) , to measure the DNA binding ability of the DNA polymerases. The 32 P-end-labeled 27mer oligonucleotide (5'-AGCTATGACCATGATTACGAATTGCTT-3') was annealed with the 49mer (5'-AGCTACCATGCCTGCACGAAT-TAAGCAATTCGTAATCATGGTCATAGCT-3') and used as a DNA substrate. The radiolabeled DNA (3 nM) was mixed with DNA polymerase proteins in a solution, 20 μl, containing 20 mM Tris-HCl, pH 8.8, 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 0.1% (w/v) Triton X-100, 0.1 mg/ml BSA, and incubated at 40°C for 10 min. The DNA-enzyme mixtures were fractionated by 1% agarose gel electrophoresis, and the band mobilities were visualized by autoradiography.
Heat stability Each DNA polymerase was incubated in a solution, containing 20 mM Tris-HCl, pH 8.8, 1.2 mM MgSO 4 , 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 0.1% (w/v) Triton X-100, 0.1 mg/ml BSA, at 70, 75, 80, 85, 90, and 95°C for 30 min, and the residual activity was measured by a nucleotide incorporation assay, as described above. The activity relative to the initial activity (without incubation) was calculated for each enzyme.
RESULTS
Amplification of the family B DNA polymerase gene fragments We previously investigated the conserved amino acid sequences in the family B DNA polymerases in detail, and designed the mixed primers on the basis of the degenerate genetic codons to amplify the gene fragment encoding the family B enzyme from the genomic DNA. Among them, we successfully amplified the target gene fragment, using the primers corresponding to the conserved sequences, SLYPSII in motif A and VIYGDTD in motif C as shown in Fig. 1A (Uemori et al., 1995) . Motifs A and C are part of the catalytic site, whereas motif B is involved in binding of dNTP substrates in the finger subdomain in the DNA polymerase proteins. In this study, using the above two primers, we tried to amplify the gene fragments from the environmental DNAs isolated from the soil of several hot spring locations (except for Okinawa, where we obtained samples from a coral shelf in the sea near the coast) in Japan. As shown in Fig. 1B , 400 bp gene fragments were specifically amplified from several samples. We chose 42 samples, which provided clear amplified bands (for example, lanes 3, 7, 8, 15, 16 in Fig. 1B ) from totally 384 different metagenomic samples. These were obtained from Onikobe (18), Hachimantai (4), Kirishima (6), Ibusuki (2), Beppu (1), Nasu (1), and Okinawa (10) as shown in Table 1 . These locations had various environmental conditions, including pH values of 1-7 and temperatures of 70-100°C, and thus highly diverse genetic resources were expected. This result does not reflect the fact that only about 10% of the places where we obtained soil samples contained organisms with family B DNA polymerases. The efficiency of DNA isolation was not addressed in this experiment, and thus it is possible that a sufficient amount of DNA was not present in some samples. Actually many lanes other than that we chose in Fig. 1B showed faint bands corresponding to the target size. The amplified gene fragments were excised from the gel, and were cloned into a plasmid vector. Twenty colonies were picked independently from each cloning experiment, and a total of 840 (20 × 42 amplifications) plasmids were isolated. These plasmids were subjected to dideoxy sequencing analysis, and the nucleotide sequences of the gene fragments isolated from the environmental DNAs were obtained.
Sequence diversity of the DNA polymerase gene fragments We obtained 172 different sequences, which exhibited conservation with known family B DNA polymerases, but have not been registered in the public databases yet, after deduction of the known sequences and the same sequences from the 840 clones, as described above (Table 1) . These results indicated that many unidentified organisms possessing family B DNA polymerases are present within the soil samples we obtained in this study, and that the samples from the coral shelf in Okinawa have a greater variety of organisms, as compared with those from the hot springs (Table 1) .
These sequences were compared with the known sequences in the databases. The sequence similarity with the known sequences ranged from 40 to 90%, in which 111, 11, 49, and 1 sequences were most similar to the family B DNA polymerases from Archaea, Eukarya, Bacteria, and viruses, respectively. The sequences simi- lar to those of the eukaryotic, bacterial and viral enzymes were derived from the coral shelf in Okinawa, and the archaral enzyme-like sequences were from the hot spring soils in several locations. To further investigate the diversity of organisms that provided the environmental DNA, the most similar sequence was chosen for each new sequence. As shown in Table 2 , a variety of organisms were ranked for each sequence by a BLAST search in the database. Among the domain Archaea, the crenarchaeal sequences were clearly more abundant, as compared with the euryarchaeal sequences. An unrooted phylogenetic tree of the archaeal family B polymerase-like sequences was generated (Fig. 2) .
Construction of the chimeric DNA polymerases
Cloning the entire region of the DNA polymerase gene from the unidentified genomic DNAs in the environmental specimen to express the new DNA polymerase genes in E. coli cells, is no easy, because the size of the gene encodes a protein that is 800 amino acids long. To overcome this problem, we devised a strategy to utilize the environmental DNA resources efficiently. Using P. furiosus DNA polymerase I (PolBI) as a basic enzyme, chimeric DNA polymerases were created by substituting the region surrounding the active center with the metagenome-coding sequences. We designed an experimental procedure, in which part of the P. furiosus PolBI gene was substituted by the amplified gene fragments from the unidentified genomic DNA. To construct a system for this process, restriction sites were needed at appropriate sites in the structural gene for PolBI, and therefore, a silent mutation was introduced to create a SacI recognition site for the 5'-side cleavage. In the case of the 3'-side cleavage, the original BsaI site in the gene sequence was utilized. PCR primers containing the recognition sequences for SacI (forward primer) and BsaI (reverse primer) were synthesized, based on the two conserved sequences in the family B DNA polymerases. The corresponding DNA fragments containing the SacI and BasI sites at the 5'-and 3'-termini, respectively, were then amplified, and the chimeric gene was constructed in the expression plasmid for PolBI. We picked several gene fragments from the clone library of the environmental DNAs to replace the corresponding region of PfuPol, and 11 chimeric DNA polymerases, produced in E. coli cells, were purified to homogeneity (Fig. 3) . The expression level and yield of the purified proteins were various for each chimeric enzyme, although the reason for the different expression efficiencies is not known. The amounts of the purified enzymes were shown in Table 3 . The sample number was defined as x-y, where x represents the location number in Table 1 , and y represents the clone number among 20 clones for each location. The organism which has the most similar sequences with that from environmental DNAs and the number of isolated clones were listed. The chimeric enzymes have different DNA polymerization characteristics The nucleotide incorporation activity was measured for each purified DNA polymerase, and we found that three enzymes, 3-2, 10-13, and 13-3, exhibited specific activities greater than 10 4 units/mg as shown in Table 3 . These three enzymes were further characterized. The in vitro primer extension rate is one of the important factors for DNA polymerase, and this ability was compared for the three chimeric enzymes as well as the wild type P. furiosus PolBI, by an assay system using single primed M13 single-stranded DNA. The size of the synthesized DNA was detected by alkaline agarose gel electrophoresis. As shown in Fig. 4 , chimeras 3-2, 13-3, and 10-13 produced longer, equal, and shorter DNA strands, respectively, as compared with the products generated by PolBI in 10 min. In addition, the DNA binding affinity was compared by a gel-retardation assay, using a primed-DNA as a probe. As shown in Fig. 5 , the DNA binding ability of chimera 10-13 was distinctly decreased, as compared with those of the WT, 3-2, and 13-3 enzymes, which showed almost the same affinity. Heat stability is a critical factor for the use of DNA polymerases in PCR. The residual activity after incubation at various temperatures for 30 min was measured for each enzyme, and the activities relative to the initial activities (without heat-incubation) were plotted (Fig. 6 ). This experiment revealed that all of the chimeric enzymes were less stable than the wild type PolBI. However, chimera 10-13 was more stable than the other two enzymes. 11.0 25.3 Pfu13-9 2.2 < 1.0 Pfu14-12 2.7 < 1.0 Pfu15-6 10.4 < 1.0 Pfu15-11 1.0 < 1.0 Pfu20-2 1.0 < 1.0 Pfu22-2 0.9 < 1.0 Fig. 4 . Primer extension ability of chimeric DNA polymerases. The primer extension abilities of three chimeric DNA polymerases were compared with that of wild type PolBI using M13 single-stranded circular DNA annealed with a 32 P-labeled oligonucleotide as the template-primer. The reaction mixtures were analyzed by 1% alkali agarose gel electrophoresis, and the products were visualized by autoradiography. The sizes indicated on the left were from BstPI-digested λ phage DNA labeled by 32 P at each 5' end. Fig. 5 . DNA binding ability of chimeric DNA polymerases. A 49mer deoxyoligonucleotide was annealed with a 32 P-labeled 27mer, and used as a template-primer DNA. Various amounts of the chimeric DNA polymerase proteins were reacted with the DNA (3 nM) at 40°C for 10 min, and the protein-DNA complexes were analyzed by 1% agarose gel electrophoresis in 0.1% × TAE buffer, and the bands were visualized by autoradiography. Lanes 2-8 contain enzyme proteins with 0.4, 1, 2.5, 5, 10, 20, 40 nM, respectively. Lane 1 has no protein.
DISCUSSION
DNA polymerase is a very important enzyme for both fundamental living phenomena (DNA replication/repair) in living cells and applications to genetic engineering in vitro. Therefore, many structural and functional investigations of DNA polymerase have been performed. In this study, we developed a method to obtain experimental data to investigate efficiently how the properties of a DNA polymerase are related to its structure. Metagenomic analysis is a revolutionary technique for microbiological ecology. Amplification of the target gene from the unidentified genomic DNA is very powerful to investigate many different DNA polymerases from uncultivated microbes. Our strategy involved substituting a part of the engine region of known DNA polymerases with the corresponding region derived from environmental DNAs.
In this study, we focused on the thermophilic archaea Fig. 6 . Heat stability of the chimeric DNA polymerases. Each chimeric enzyme was incubated at indicated temperatures (70-95°C) for 30 min, and the nucleotide incorporation assay was performed. The activities relative to that without incubation were plotted. Three independent experiments were carried out in succession, and average values were plotted. as useful genetic resources for obtaining new, thermostable DNA polymerases, and obtained soil samples mainly from hot spring areas in Japan. In addition to this idea, we used DNAs from a coral shelf in Okinawa, as a potentially interesting place including a variety of different organisms, because coral shelf topographically provides diverse environments suitable for various organisms to inhabit. Actually, we obtained many new sequences similar to those of hyperthermophilic archaea from the hot spring soils, and many mesophilic eubacterial sequences from the coral shelf, as we expected. These results suggested that our method to amplify a part of the family B DNA polymerase genes is actually applicable to the analysis of microbial populations in any habitat. Especially, the family B DNA polymerases in eubacteria have not been well studied yet, since we found that E. coli DNA polymerase II belongs to family B, from the determination of the nucleotide sequence of the polB gene (Iwasaki et al., 1991) , and the fact that its activity is inhibited by aphidicolin (Ishino et al., 1992) . In this study, we found that the eubacterial enzymes are shorter (by about 15 amino acids) than the archaeal and eukaryotic enzymes in this family as shown in Fig. 7 , and this sequence feature may be useful as a signature for the bacterial family B DNA polymerases. In order to utilize environmental DNA as a useful genetic resource, we designed a system to construct chimeric DNA polymerases. Among the several chimeric enzymes constructed in this study, three enzymes were characterized in detail, and we found that each enzyme has different properties. Chimera 3-2 showed higher primer extension ability than wild type PolBI, and it may be useful as a genetic engineering reagent, although it is less heat-stable than wild type PolBI. The reason for the higher elongation ability of chimera 3-2 is currently unknown. On the other hand, chimera 10-13 had lower Fig. 8 . Comparison of the amino acid sequences of the substituted region of the chimeric enzymes with the wild type PolBI. Multiple alignment of the amino acid sequences derived from the metagenomes and four family B DNA polymerases from the hyperthermophilic archaea was done. The secondary structure of T. gorgonarius DNA polymerase is indicated on the top of the alignment with helices (bars) and strands (arrows). Abbreviations: Pfu, P. furiosus; KOD, T. kodakaraensis; Ape1, A. pernix Pol BI; Ape2, A. pernix PolBII. extension ability. It is valuable to examine these experimental data by comparing the amino acid sequences in the substituted region. The sequences of the substituted regions are aligned in Fig. 8 . One of the reasons why chimera 10-13 showed decreased specific activity, primer extension activity, and DNA binding activity is probably the substitution of Thr in the TxxGR motif with Ala, because a previous report showed that the motif is important for DNA binding, and the site-specific mutation at Thr in φ29 DNA polymerase actually affected both the DNA polymerizing and DNA binding activities (Mendez et al., 1994) . More detailed comparison of the sequences between wild type PolBI and chimera 3-2, and site-specific mutagenesis experiments may provide information of the regions involved directly or indirectly in strand elongation ability of the family B DNA polymerases. In terms of the heat-stability, the absence of the Cys residues involved in the disulfide-bonds in the substituted region probably influences the structural stability directly. Two disulfide-bonds are observed in the corresponding region of the family B DNA polymerases from the hyperthermophilic archaea Thermococcus gorgonarius (Hopfner et al., 1999) , Thermococcus sp. 9°N-7 (Rodriguez et al., 2000) and Thermococcus kodakaraensis (Hashimoto et al., 2001) , as revealed by their crystal structures.
From these structural analyses, the four Cys residues, C429, C443, and C507, and C510, in PfuPolBI form two disulfidebonds. A multiple sequence alignment revealed that only one Cys, corresponding to C510 of PolBI, is conserved among all of the chimeric enzymes, and that corresponding to C507 is in 10-13 (Fig. 8) . Therefore, chimeria 10-13 has one disulfide-bond, but the other two chimeric enzymes lack a disulfide-bond. The results of the heatstability measurement clearly correlated with the number of disulfide-bond. The temperatures of the locations, where the DNAs were isolated, are relatively lower for the hyperthermophilic organisms (74.5°C, 70°C, and 69.9°C at the locations of sample numbers 3, 10, and 13, respectively, as shown in Table 1 ). We looked through the sequences of all the samples around the disulfide-bond formation, but it does not look like to show a correlation between the conservation of Cys residues and higher temperature of the location where the genes come from. It would be interesting to investigate in more detail the relationships between the sequences from the environmental DNA and the temperatures of the sampling locations. In addition, it is currently unknown why the nucleotide incorporation activity of the other chimeric enzymes, besides the three enzymes characterized in this study, is drastically decreased, and thus more chimeric enzymes should be analyzed.
In conclusion, we developed a useful experimental system to analyze the structure-function relationships of family B DNA polymerases, by using unidentified DNAs from soil samples obtained at various locations as genetic resources. We have been utilizing the same experimental procedure for the family A DNA polymerases, and many chimeric enzymes are already available for characterization (Yamagami et al., unpublished) . The accumulated experimental data about the chimeric DNA polymerases will become a valuable database for the design of DNA polymerases with specific properties.
